Herein, we generated and characterized a mouse-human chimeric anti-CAR antibody (ch6G10A) from mu6G10A. ch6G10A had binding activity, inducing antibody-dependent cellular cytotoxicity and complement-dependent cytotoxicity, and in vivo anti-tumor activity against CAR-expressing prostate cancer DU-145 cells. In addition, cancer tissue array analysis confirmed that CAR is highly expressed in neuroendocrine lung cancers including small cell lung cancer, and treatment with ch6G10A effectively inhibited in vivo subcutaneous tumor growth of NCI-H69 small cell lung cancer cells in nude mice. Moreover, treatment with mu6G10A effectively inhibited both in vivo orthotopic tumor growth and distant metastatic formation in mouse xenograft models of a highly metastatic subline of human small cell lung cancer DMS273 cells. These results suggest that targeting therapy to CAR with a therapeutic antibody might be effective against several cancer types including small cell lung cancer.
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It has been reported that high CAR expression levels occur in various human cancers. [4] [5] [6] [7] [8] [9] [10] Moreover, CAR promotes tumor growth in some cancer types. CXADR silencing in lung cancer with high CAR expression suppressed tumor formation ability in xenografts, 11 whereas CXADR knockdown in oral squamous cell carcinoma resulted in the inhibition of both anchorage-independent growth and metastatic tumor formation in vivo. 12 These previous studies suggest that CAR might be an appropriate target molecule for cancer therapy.
Previously, we found that LNCaP-CR cells, a highly tumorigenic subline of the LNCaP human prostate cancer cell line, 13 express higher levels of CAR than their parental cells. 14 We also developed mouse mAbs against human CAR and found that one of these antibodies (clone 6G10A) significantly inhibited tumor growth in xenografts of human prostate, pancreatic, and colorectal cancer. 14 
Based
on these findings, we proposed that an anti-CAR antibody might be a feasible candidate for cancer immunotherapy. 14 Because the immunogenicity of antibodies needs to be reduced for their therapeutic use in humans, mouse-human chimerization of mouse mAbs is an important step in the development of therapeutic antibodies. 15 In the current study, we generated a mouse-human chimeric anti-CAR antibody (ch6G10A) from 6G10A mouse anti-CAR antibody (mu6G10A), and characterized ch6G10A by flow cytometry, western blotting, ADCC/CDC analyses, and in vivo anti-tumor activity against a prostate cancer cell line. In addition, we carried out a CTA analysis to investigate CAR expression levels in lung, prostate, and brain tumors, and examined the anti-tumor activities of anti-CAR antibodies against SCLC using mouse xenograft models.
| MATERIAL S AND ME THODS

| Cell lines and reagents
KHYG-1/FcγRIIIA cells, a human NK cell line stably expressing Fcγ receptor IIIA (FcγRIIIA), were previously established 16 
| Generation of mouse-human chimeric antihuman CAR
A mouse anti-human CAR mAb, mu6G10A, was developed as described previously. 14 Generation of mouse-human chimeric antihuman CAR (ch6G10A) was previously described. 18 Briefly, the appropriate V H and V L cDNAs of mu6G10A and C H and C L of human IgG 1 were subcloned into pcDNA3.3/Neo or pcDNA3.1/Zeo vectors (Thermo Fisher Scientific Inc.), respectively. Antibody expression vectors were transfected into CHO-S cells (Thermo Fisher Scientific Inc.) using Lipofectamine 2000 reagent (Thermo Fisher Scientific Inc.). Stable transfectants of CHO-S/ch6G10A were selected by culturing the transfectants in medium containing 1 mg/mL G418 (Nacalai Tesque, Inc.) and 0.5 mg/mL zeocin (InvivoGen). Stable transfectants were cultured for 14 days in CHO-S-SFM II medium (Thermo Fisher Scientific Inc.), and then ch6G10A immunoglobulin was purified from the culture supernatant using Protein G Sepharose (GE Healthcare United Kingdom, Ltd). Purity of ch6G10A was evaluated by SDS-PAGE and Coomassie Brilliant Blue staining.
| Flow cytometry
Cells were fixed in 4% neutral buffered formalin for 10 minutes and suspended in PBS containing 0.1% NaN 3 . Cells were resuspended in PBS containing 0.5% BSA and incubated with anti-CAR antibodies for 1 hour at 4°C and then with PE-labeled secondary antibodies for 1 hour at room temperature. After washing with PBS containing 0.1% NaN 3 , cells were analyzed by FACSCalibur (BD Biosciences).
| Western blot analysis
Western blot analysis was carried out as described previously. 19 Briefly, cultured cell pellets were lysed with lysis buffer (20 mmol/L HEPES (pH 7.5), 150 mmol/L NaCl, 1% Triton X-100, 10% glycerol, 1 mmol/L EDTA, 50 mmol/L NaF, 50 mmol/L β-glycerophosphate, 1 mmol/L Na 3 VO 4 , 1× cOmplete Protease Inhibitor Cocktail; Roche).
Lysates were centrifuged at 13 000 g for 15 minutes at 4°C, and the supernatants were boiled in SDS sample buffer containing 0.5 mol/L β-mercaptoethanol. These samples were separated by 12.5% SDS-PAGE and transferred to PVDF membranes (Merck KGaA). Protein levels were detected using the following antibodies: rabbit polyclonal antibodies specific for CAR (H-300/sc-15405; Santa Cruz Biochemical) and rabbit polyclonal antibodies specific for HSP90 (H-114/sc-7947; Santa Cruz Biochemical).
| Immunohistochemical analysis of cancer tissue arrays
Cancer tissue arrays (BC041115c for lung cancer, BC19013 for prostate cancer, and GL803b for brain cancer) were purchased from US Biomax. The arrays were deparaffinized and rehydrated.
Then, antigens were unmasked using citrate buffer for 10 minutes at 96°C. Prior to antibody reactions, endogenous peroxidase was inactivated with 3% hydrogen peroxidase for 10 minutes at room temperature followed by rinsing with distilled water and TBST. The arrays were blocked with 10% horse serum for 1 hour at 37°C and incubated with primary antibody against CAR (H-300/sc-15405, 1:750; Santa Cruz Biochemical) overnight at 4°C. After washing three times with TBST, the arrays were incubated with secondary antibody peroxidase-conjugated anti-rabbit IgG (ImmPRESS Reagent kit; Vector Laboratories) for 30 minutes at room temperature. The arrays were then washed three times with TBST and developed using ImmPACT DAB (Vector Laboratories) for 1 minute, and then briefly immersed in hematoxylin for counterstaining and evaluation under light microscopy. Estimated visual intensity of CAR immunostaining was graded on an arbitrary three-point scale: negative (0), positive (1), strongly positive (2).
| Antibody-dependent cellular cytotoxicity
Antibody-dependent cellular cytotoxicity was measured with a calcein AM release assay as described previously. 14 Briefly, for ADCC activity, target cells were labeled with 10 μg/mL calcein AM (Dojindo) for 30 minutes at 37°C, washed three times with complete medium, and further incubated for 1 hour at 37°C. Labeled target cells (5 × 10 4 cells) and effector cells were then cocultured in 96-well plates and incubated for 4 hour at 37°C. After centrifugation, fluorescence intensity (F) of cell-free supernatants was measured (excitation 485 nm, emission 538 nm). Cytolytic activity was calculated using the following formula:
Assays were carried out in triplicate at least.
| Complement-dependent cytotoxicity
For CDC activity, target cells (2 × 10 4 cells) were inoculated into 96well plates and incubated with 5% rabbit complement (Cedarlane) and ch6G10A, mu6G10A, control human IgG, or control mouse IgG for 4 hours at 37°C. Cell viability was determined using MTT assay.
Assays were done in triplicate at least.
| In vivo anti-tumor activity
Animal experiments were approved by the Institute Committee for Animal Experiments at the Institute of Microbial Chemistry and carried out according to the ethics guidelines of our institute. Female BALB/c nude mice and female SCID-beige mice were obtained from Charles River Japan (Kanagawa, Japan) and were maintained in a specific pathogen-free barrier facility inhouse.
Mice aged 8 weeks were used for the in vivo anti-tumor assay.
To prepare the subcutaneous xenograft model, 1 × 10 7 DU-145 cells or 1 × 10 6 NCI-H69 cells in 0.1 mL of 62.5% growth fac- 
| Statistical analysis
Results are expressed as mean ± SD. Statistical analysis was carried out by Student's t test or Mann-Whitney U test as described in the figure legends. P < .05 was considered statistically significant.
| RE SULTS
| Generation and characterization of a mousehuman chimeric anti-CAR antibody (ch6G10A)
Previously, we developed a mouse mAb against human CAR (mu6G10A) that recognized an extra-membranous region of CAR and showed anti-tumor activities against CAR-expressing cancer cells in xenograft models. 14 
| Expression of CAR in human lung, prostate, and brain tumors
Our previous results suggest that CAR is highly expressed in tumor tissues such as prostate, lung, and brain. 14 Because we used only small numbers of tissue sections in the previous study, we further assessed the expression of CAR in these tumors through immunohistochemical staining of CTA using commercially available antibody against CAR (H-300) (Figure 3 ). CTA analysis showed that CAR was considerably expressed in lung squamous cell carcinoma (19/40; 48%), lung adenocarcinoma (14/45; 31%), lung neuroendocrine cancer (including small cell lung cancer) (7/12; 58%), prostate adenocarcinoma (45/56; 80%), and glioblastoma (23/39; 59%). Importantly, expression of CAR was significantly higher in all lung cancer types than in normal lung tissue (lung squamous cell carcinoma and lung neuroendocrine cancer, P < .01; lung adenocarcinoma, P < .05), and was significantly higher in glioblastoma than in normal brain tissue (P < .05). Thus, our results show that CAR was highly expressed in these human tumor tissues. 
| In vivo anti-tumor activity of ch6G10A antibody against NCI-H69 small cell lung cancer cells
In addition to our CTA results, other studies also showed that CAR was highly expressed in SCLC patients. 5, 8, 10 Therefore, we investigated CAR protein levels in four human SCLC cell lines (DMS114, DMS53, DMS273, and NCI-H69) by western blot analysis, and found that CAR was expressed in three of the four lines and was particularly overexpressed in NCI-H69 cells ( Figure 4A ). These expression data of CAR prompted us to evaluate the in vivo anti-tumor activity of ch6G10A against NCI-H69 using a subcutaneous xenograft model in nude mice. ch6G10A or control human IgG (500 μg/ mice) was injected i.v. at days 0 and 7, and human NK cells KHYG-1/ FcγRIIIA were injected around the tumors at days 0 and 7. As shown in Figure 4B ,C, ch6G10A significantly inhibited the growth of xenograft NCI-H69 tumors in vivo (37% inhibition compared with control human IgG, P < .01) without significant body weight loss in the host mice (data not shown). These results showed that ch6G10A had antitumor activity against CAR-expressing SCLC cells and suggested that SCLC might be a candidate disease for targeting therapy to CAR with therapeutic antibody.
| In vivo anti-tumor activity of anti-CAR antibody against an orthotopic transplantation model of SCLC
We previously developed an orthotopic transplantation model of SCLC using GFP-labeled human SCLC cell line DMS273 (DMS273-GFP) and two highly metastatic sublines (G3H, C5B); this model has significant metastatic activity and comparable metastatic tropism with that of SCLC patients. 17 Because CAR expression was clearly observed in these cells ( Figure 4A) , we attempted to elucidate whether anti-CAR antibody could suppress orthotopic tumor growth and distant metastasis formation in the model using C5B cells. Owing to the difficulty of giving systemic human NK cells to xenograft mice, which is essential for the anti-tumor activity of ch6G10A, we used mouse monoclonal CAR antibody mu6G10A in this experiment.
Intravenous injection with mu6G10A or control mouse IgG (250 μg/ mice) was started a day after orthotopic transplantation of C5B cells.
The injection was carried out once a week for 5 weeks. Orthotopic tumor growth was prominently inhibited by mu6G10A (78% inhibition compared with control mouse IgG, P < .005) without significant body weight loss in the host mice ( Figure 5 , data not shown).
F I G U R E 3 Coxsackievirus and adenovirus receptor (CAR) expression in various human tumor tissues.
A, CAR expression in human lung, prostate, and brain tumors. Immunohistochemical staining was carried out on cancer tissue arrays using CAR antibody H-300. Estimated visual intensity of CAR immunostaining was graded on an arbitrary three-point scale: negative (0), positive (1), strongly positive (2) . CAR, coxsackievirus and adenovirus receptor; SCLC, small cell lung cancer. Statistical analysis was done by Mann-Whitney U test (*P < .05, **P < .01, n.s., not significant). B-D, Representative CAR staining in the lung cancer tissue array. B, SCLC (score 2). C, SCLC (score 1). D, Normal lung tissue (score 0). All data were documented under a magnification of ×400 Incidence of distant metastases formation was 67% in the control mouse IgG-treated group and 33% in the mu6G10A-treated group, and significantly fewer metastasis-positive organs were observed in the mu6G10A-treated group compared with the control mouse IgGtreated group (P < .05; Figure 5B ). Thus, treatment with anti-CAR antibody efficiently inhibited tumor growth in the lung as well as metastasis of SCLC. These results support the notion that SCLC might be a potential disease for targeting therapy to CAR with therapeutic antibody.
| D ISCUSS I ON
In the present study, we successfully generated a mouse-human chimeric anti-CAR monoclonal antibody, ch6G10A, which has ADCCand CDC-inducing activities and in vivo anti-tumor activity against CAR-expressing cancer cells. In addition, CTA analysis showed that CAR is highly expressed in neuroendocrine lung cancer including SCLC, and treatment with anti-CAR antibody inhibited both subcutaneous and orthotopic tumor growth in mouse xenograft models of human SCLC cell lines. These results suggest that targeting therapy to CAR with therapeutic antibodies might be effective against several cancers including SCLC.
Our CTA analysis showed significantly higher expression of CAR in neuroendocrine lung cancers including SCLC compared with normal lung tissues (Figure 3) , consistent with the findings of previous studies. 5, 8, 10 Furthermore, treatment with anti-CAR antibody effectively inhibited both in vivo tumor growth (subcutaneous and orthotopic) and distant metastasis formation in mouse xenograft models of human SCLC cell lines (Figures 4 and 5) . SCLC accounts for 10%-20% of all cases of lung cancer worldwide and shows aggressive growth and early metastatic spread. The current main treatment against SCLC is chemotherapy but the high chance of disease relapse Results are expressed as means ± SD (n = 9). Statistical analysis was carried out by Student's t test (*P < .05, ***P < .005 vs control) after chemotherapy results in poor median survival. 20 Therefore, novel therapeutic strategies against SCLC are urgently needed. CAR expression data in SCLC and our current results with anti-CAR antibody collectively suggested that therapeutic antibodies against CAR might be an alternative strategy for SCLC treatment. Our CTA analysis also showed significantly higher expression of CAR in lung squamous cell carcinoma, lung adenocarcinoma, and glioblastoma than in matched adjacent normal tissues. Because there are many cases of these diseases, validation of the anti-tumor activity of our anti-CAR antibody will be meaningful for future investigations.
Our previous study showed that mu6G10A exerts anti-tumor activity primarily through both ADCC and CDC activities. 14 In this study, we generated ch6G10A with the human IgG 1 constant region because human IgG 1 exerts higher ADCC/CDC activities among the IgG 1 subclass. Therefore, it is presumed that ch6G10A also exerts its anti-tumor activity primarily through both ADCC and CDC. If this is the case, the anti-tumor activity of ch6G10A could be enhanced by ADCC-enhancing technologies such as afucosylation of the Fc domain. 21 Thus, ch6G10A could be a potent lead antibody for cancer immunotherapy.
We showed that the treatment with mu6G10A efficiently inhibited tumor growth in the lung as well as metastasis in the SCLC metastatic model ( Figure 5 ). Although it is very important as to whether ch6G10A also inhibits SCLC metastasis, there are no suitable metastatic models for the evaluation of chimeric mAb at this point.
However, there is an interesting humanized mouse strain, NOG-IL-2
Tg, which can induce human NK cells from hematopoietic stem cells (HSC). 22 The report suggested that chimeric anti-human CCR4 mAb This makes it difficult to start treatment with antibody after confirming formation of metastatic tumors in the model. In addition, enucleation of the orthotopic tumor in lung will result in death of the model mouse. This also makes it difficult to examine the direct effect of anti-CAR mAb on tumor cells in metastatic sites of the model.
One of the major points for the clinical safety of therapeutic antibodies is reactivity with normal tissues. We previously showed that mu6G10A reacts with normal skin, prostate, and kidney tissue. 14 
At
this point, we could not avoid the possibility that the reactivity of 6G10A to normal tissues could cause some adverse events when the 6G10A-based antibody is given to humans. Thus, further safety evaluations of the 6G10A-based antibody using animal models such as primates or human CAR knock-in mice are required. If the reactivity of 6G10A to normal tissues causes severe problems, cancer specificity of the antibody should be improved.
In conclusion, our studies and other reports collectively suggest that CAR should be considered a candidate target for cancer immune therapy against several cancers including SCLC.
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